Sodium (Na) is uncommon in plants but essential to the metabolism of plant consumers, both decomposers and herbivores. One consequence, previously unexplored, is that as Na supplies decrease (e.g., from coastal to inland forests), ecosystem carbon should accumulate as detritus. Here, we show that adding NaCl solution to the leaf litter of an inland Amazon forest enhanced mass loss by 41%, decreased lignin concentrations by 7%, and enhanced decomposition of pure cellulose by up to 50%, compared with stream water alone. These effects emerged after 13-18 days. Termites, a common decomposer, increased 7-fold on ؉NaCl plots, suggesting an agent for the litter loss. Ants, a common predator, increased 2-fold, suggesting that NaCl effects cascade upward through the food web. Sodium, not chloride, was likely the driver of these patterns for two reasons: two compounds of Na (NaCl and NaPO 4) resulted in equivalent cellulose loss, and ants in choice experiments underused Cl (as KCl, MgCl 2, and CaCl2) relative to NaCl and three other Na compounds (NaNO 3, Na3PO4, and Na2SO4). We provide experimental evidence that Na shortage slows the carbon cycle. Because 80% of global landmass lies >100 km inland, carbon stocks and consumer activity may frequently be regulated via Na limitation.
M
odels of the carbon cycle start with the coavailability of water and solar energy as key constraints to photosynthesis and respiration (1) (2) (3) (4) . Lowland tropical forests, however, have ample sunshine, often ample moisture (5) , and, frequently, weathered soils (6) . In such forests, nutrient shortages, most notably the shortage of P, have been shown by experiment and comparative study to constrain both net primary productivity (NPP; g C/m 2 per y) and decomposition (7) (8) (9) (10) (11) (12) (13) . Moreover, recent theory and experiment have suggested that the rate of decomposition, a collaborative process involving thousands of species, is unlikely to be constrained, Liebig style, by a single element (14, 15) . Here, we build on those studies and those of Chadwick et al. (16) to suggest that Na plays a key role in regulating decomposition in inland ecosystems.
Of the 25 or so elements required for life (17) , Na is unique. Most terrestrial plants have little need of Na (18) . Herbivores and decomposers, in contrast, must amass Na in concentrations 100-to 1,000-fold over the plants they consume (19) . In animals, costly sodium pumps maintain gradients of cell concentration and membrane voltage (Ͼ1% deviations of whole body sodium are signs of pathology; ref. 17) . In plants, K, not Na, performs this function (20) . This biogeochemical disconnect between plants and those that eat them suggests that consumers, but not plants, should suffer when Na inputs to ecosystems decline.
Decomposers metabolize Ͼ90% of terrestrial plant biomass (21) . Decomposition, the breakdown of necromass into CO 2 and inorganic compounds, is largely performed by microbes. Some are free living (e.g., basidiomycete and ascomycete fungi), and others live in the guts of animal decomposers (detritivores) like termites and isopods. Both fungi and animals have high Na requirements relative to plants they consume (22, 23) . Both obtain energy by breaking down abundant carbon-rich macromolecules like cellulose. Yet little is known about how the activity of an ecosystem's decomposers is constrained by the shortage of sodium.
Sodium has a geography. It accumulates locally where ground water is mined for agriculture (19) and where roads are salted to prevent icing (24) . Regionally, extensive rainfall promotes leaching (25) , and the Na content of that rainfall decreases exponentially as one travels inland from sources of oceanic aerosols (26, 27) . This decline in aerosol deposition has consequences for ecosystem levels of sodium: coastal forests in Panama have higher concentrations of Na than the Peruvian Amazon both in freshwater streams and rivers [149 vs. 20-60 mol/L (26, 28)] and soil [0.008 vs. 0.005 ppm (29) ]. Consistent with the hypothesis of Na limitation, here we show that litter decomposition rates, and the abundance of decomposers and their predators, increase with NaCl fertilization in an inland Amazon forest.
Results
We tested the hypothesis that Na shortage limits decomposers in a forest near Iquitos Peru, 2,000 km from its ocean source of aerosols (26) . The first experiment compared decomposition and decomposer densities across 35 paired 0.5 ϫ 0.5-m plots through old-growth forest. One of each pair was fertilized with a 0.5% solution of NaCl and stream water every other day, whereas the other received only stream water. After Ϸ18 days litter concentrations of Na were 3-fold higher on ϩNaCl plots (paired t 32 ϭ Ϫ9.1, P Ͻ 0.0001; Fig. 1 ).* Litter volume on ϩNaCl plots, in contrast, was 71% lower than controls (paired t 34 ϭ 3.99, P ϭ 0.0003; Fig. 1) ; the concentration of recalcitrant lignin was 7% lower (paired t 32 ϭ Ϫ9.1, P Ͻ 0.0001; Fig. 1 ).
There was marked increase of termites on ϩNaCl plots (Fig.  1) . Termites that nest in high densities within the forest floor (30) emerged from the soil and were observed consuming litter. Systematic scans over the course of the experiment revealed termites on the surface of six ϩNaCl plots but no control plots (Kruskal Wallis X 2 ϭ 6.5, P ϭ 0.011). At harvest, 7-fold more termites were extracted from ϩNaCl plots than controls (paired t 34 ϭ Ϫ4.13, P ϭ 0.0002; Fig. 1 ). Monitoring revealed 8-fold more ants on ϩNaCl plots (paired t 34 ϭ Ϫ3.8, P ϭ 0.0006) and 2-fold more ants when the plots were harvested (paired t 34 ϭ Ϫ2.2, P ϭ 0.03; Fig. 1 ). Thus, both a key decomposer and a key predator of tropical brown food webs accumulated on ϩNaCl plots.
A second experiment confirmed higher mass loss of cellulose with increased access to Na (Fig. 2) . After 13 days, mass loss varied across the landscape (F 19,60 ϭ 12.6, P Ͻ 0.0001) and was 53% higher on NaCl-treated cellulose than water-treated controls; mass loss of Na 3 PO 4 -treated cellulose was 29% higher (F 2,60 ϭ 10.3, P Ͻ 0.0003, Tukey minimum significant difference test: NaCl ϭ Na 3 PO 4 Ͼ H 2 O). Cellulose disappeared from the forest floor more quickly in the presence of Na, whether coupled with chloride or phosphate.
A third experiment verified that the Na in NaCl was the primary attractant to ants. Vials with solutions of seven compounds (plus urine) were presented along five transects across the forest floor (Fig. 3 ). Both solution type (F 7,39 ϭ 9.22, P Ͻ 0.0001) and transect (F 4,39 ϭ 7.47, P ϭ 0.0003) accounted for variation in ant use of vials. Ants used all but the lowest-ranked Na solution (NaNO 3 ), more than three solutions with Cl but no Na (KCl, MgCl 2 , and CaCl 2 ; Fig. 3 ). Urine is likely the most common Na supplement to the brown food web, attracting a variety of arthropods. NaCl and urine vials received similar numbers of visits.
Discussion
In tropical rainforests, where solar energy and precipitation are often in ample supply, biogeochemical gradients of elements like phosphorus can limit both NPP and decomposition (11) and may account for the deeper litter in the Amazon interior compared with more coastal forests (13) . Here, we provide experimental evidence that shortage of another element, sodium, slows the degradation of cellulose and lignin and promotes carbon storage, all with likely no direct impact on the construction of new plant tissue.
Sodium has long been suspected of regulating inland populations of herbivores, from North American meadow voles (31) to elephants of the African savannah (32) . We found that termites, which occupy 68% of Earth's land area representing 77% of terrestrial NPP (33, 34) , increased 7-fold on plots that averaged 3-fold more Na. Termites transform carbon from soil, leaf litter, and coarse woody debris (34) into significant quantities of methane and carbon dioxide (33) . They also apparently crave sodium: termites of an African savannah 250 km inland increase Na concentrations 6 m down into the soil (35); pest control agents in North America are taught to add Na-rich sports drinks to termite baits (Edward Vargo, personal communication). Our experimental evidence shows behavior consistent with Na limitation (i.e., increased densities and activity with added Na) in an animal decomposer (i.e., detritivore).
Furthermore, the concentration of lignin, a recalcitrant macromolecule that inhibits cellulolysis, also decreased on ϩNaCl plots, implicating the action of powerful peroxidase systems used by a subset of free-living microbes and termite symbionts (34, (36) (37) (38) . At present, we do not have strong evidence that fungal activity increased on ϩNaCl plots. However, in this inland Amazon forest we observed none of the dense mycelial mats characteristic of coastal tropical forests (39) , suggesting some form of fungal inhibition.
Decomposition is the conversion of detritus to microbial and animal food (29) that in turn supports a large fraction of the forest fauna (40) . The increase of ants on ϩNaCl plots suggests that ant populations in the inland Amazon are Na-limited directly (through metabolic requirements) and/or indirectly via the increase in prey on Na-rich patches. Our observations suggest both are true. The gradient of increasing Na preference from coastal to inland ant communities (41) , combined with intense recruitment in this study to Na (but not Cl) by herbivorous ants like Cephalotes atratus, supports the role of Na deficits in directly influencing ant activity. Moreover, predators like the trap-jaw ants of the genera Pyramica and Odontomachus, which are less constrained by Na deficits because of their high-sodium diets (41) , also increased on the ϩNaCl plots. The increased decomposer activity brought about by added Na cascaded up the brown food web.
In forest ecosystems, leaf litter and coarse woody debris can represent a significant carbon sink (42, 43) although much uncertainty remains regarding the dynamics and standing stocks of both (44) . If the local experiments reported here scale up, then as one moves inland away from ocean inputs of sodium (16) stores of leaf litter and coarse woody debris should increase, and the release of CO 2 from forests should decrease. The resulting imprint on the global carbon cycle would not be trivial as Ͼ80% of Earth's terrestrial surface is Ͼ100 km inland (the distance where ant communities begin to show signs of Na deficit; Table  1 Data summarized for continents and ecoregions follow Bailey and Ropes (48) . Coastlines were extracted from the Digital Chart of the World (54) and used to estimate area within five rings of distances from the sea at 5 ϫ 5-km resolution.
Materials and Methods
The experiments took place December 16, 2008 to January 6, 2009 at the Amazon Center for Tropical Studies (ACTS) field station 67 km NE of Iquitos, in Loreto Province, Peru (3.25°S, 72.91°W). ACTS is embedded in a humid tropical lowland forest of clay oxisols and ultisols (49) that receives Ϸ3,000 mm of rainfall spread relatively evenly throughout the year (50) . ACTS was chosen as a likely candidate for decomposer limitation as it received low concentrations of Na in its rainfall (26) and among the highest use of NaCl baits in a 17-site survey of New World ant assemblages (41) .
In all three experiments we made solutions from the water of a small (Ϸ2 m wide, 50 cm deep) low-flow, low-gradient, sandy-bottom tributary of the Rio Sucusari that abutted our study site. Analysis of this water with an inductively coupled plasma-optical emission spectrophotometer revealed a Na concentration of 81 mol/L. First Experiment. In the first experiment, NaCl solution was added directly to the litter on 0.25-m 2 (0.5 ϫ 0.5m) plots. Thirty-five 2 ϫ 2-m blocks were flagged on either side of an ACTS trail running along and 4 m above the stream. Blocks were arrayed on both sides of the trail. Blocks were separated Ն3 m from those on the same side of the trail and Ն5 m from those on the opposite side of the trail. All blocks were located on flat expanses of open litter. Two 0.25-m 2 plots were positioned in each block so as to avoid coarse woody debris (branches Ͼ10 cm in diameter). These plots were flagged and assigned to control or ϩNaCl treatments.
Beginning December 18, 2008 control plots received 250 mL of stream water on alternate days or 250 mL of 0.5% (by weight) NaCl solution dribbled slowly over the litter. Before watering, each plot was monitored for ants and termites on the surface of the litter. Abundance was classified on a log10 scale (i.e., 1 ϭ 1-9 individuals, 2 ϭ 10 -99, 3 Ͼ 100 -999).
Plots were harvested to quantify litter volume, percentage of lignin, percentage of NaCl, and the abundance of termites and ants. Five blocks were harvested on December 25; the other 30 blocks were harvested, in batches of five blocks per day, January 1-6. At harvest, litter depth was measured within each corner of a plot by inserting a wire flag pressed downward to mineral soil. All litter was harvested down to mineral soil and shaken for 30 s through 1-cm 2 mesh. The siftate was stored in a cloth bag and placed for 24 h in a miniwinkler (51) to extract invertebrates. This siftate was further hand-sorted to remove any remaining invertebrates Ն2 mm. The samples were sorted in M.K.'s lab to quantify the abundance of ants and termites. To determine Na and fiber composition, samples were then dried at 50°C and a 10-g subsample analyzed by the Oklahoma State Soil, Water, and Forage Analytical Laboratory. Here, we report results for percentage of Na (via a Spectro CirOs ICP spectrometer) and percentage of lignin (estimated by digesting cellulose ϩ lignin in 72% sulfuric acid). See ref. 52 for further details.
Pairwise t tests were used to compare changes in litter volume, chemistry, and termite and ant abundance with ϩNaCl. We pooled the five plots harvested on December 25 with those harvested from January 1-6; thus we refer to harvest results after Ϸ18 days.
Second Experiment. We also examined the effect of increased sodium on the decomposition of cellulose, the world's most abundant biomolecule (21) . Cellulose filter paper (9-cm disks, 100% cellulose; Fisherbrand) was saturated in one of two Na compounds (0.1 M Na3PO4 or 0.1 M NaCl made with stream water) or a control treatment (stream water). On December 23, 2008, disks were arranged in 20 replicate rows along a 40-m east-west transect in the forest understory 100 m NE of the ACTS station. Rows were established every 1-2 m along the transect; each included a control disk, a sodium phosphate disk, and a sodium chloride disk, 0.5 m apart. For each disk, a small patch of litter was cleared down to mineral soil, and the disk (folded twice to form a four-layered quarter circle) was secured to the soil with a surveyor flag and recovered with litter. Cellulose disks were recovered after 13 days and dried at 50°C to stable mass. The percentage mass loss was used as an estimate of decomposition rate and analyzed by two-way ANOVA, with treatment and block effects. Third Experiment. We explored which chemical elements were attractive to consumers by presenting the local ant community with a choice of eight compounds in solution, patterned after a similar choice experiment in a North American butterfly population (53) . In addition to NaCl, three solutions contained Cl (CaCl2, MgCl2, and KCl) and three contained Na (NaNO3, Na2SO4, and Na3PO4). All such solutions were made by dissolving compounds in stream water. The eighth solution was human urine contributed the morning of the experiment by S.P.Y. and N.A.C. (equal portions subsequently homogenized). Ants were offered these solutions in transects of labeled 2 mL of Eppendorf vials. Each vial was half-stuffed with cotton saturated with one of eight solutions. For each of five replicate transects, 15 vials of each solution were snapped shut and thoroughly mixed in plastic bag. Each transect was run on one of five different trails. Every 1 m along each transect, a vial was randomly selected from the bag, uncapped, and placed on the litter surface 1 m off trail. We collected the vials after 1 h, snapping the cap shut and capturing the ants by using the baits within. For each transect, we calculated the percentage of vials for each solution visited by ants. These percentages were compared with ANOVA, using transect as a block.
How Much of Continents Are Inland?
To estimate the potential importance of sodium shortage in oceanic aerosols at the global scale, we quantified the fraction of the terrestrial surface at different distances from the ocean. We used the Digital Chart of the World (54), developed from the Operational Navigational Chart at 1:1,000,000 scale from the U.S. Defense Mapping Agency (reorganized into the National Geospatial-Intelligence Agency) and national mapping agencies from Australia, Canada, and the United Kingdom.
